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Sex hormones and injury in female athletes

The physiology of sex hormones 

Sex steroids are hormones synthesised by the gonads, ad-
renal glands, and, to a lesser extent, peripheral tissues. They 
are primarily involved in the development of the reproduc-
tive system and the expression of primary and secondary sex 
characteristics, but have also been shown to influence various 
non-reproductive organs [1]. 

All sex steroids derive from the cholesterol biosynthetic 
pathway, and therefore share a similar chemical backbone. Sex 
hormones can be classified into androgens (19C), oestrogens 
(18C), and progestogens (21C), according to the number of 
carbon atoms they contain [2]. Oestrogens and progestogens 
are the key female hormones, while androgens are principally 
male hormones; however, females also produce androgens in 
the ovarian stroma and adrenal zona fasciculata, although at 
concentrations ten times lower than males [2]. 

Oestrogens are mainly synthesised by the placenta and the 
corpus luteum of the ovary, with smaller contributions from 

adipose and other peripheral tissues. They regulate the devel-
opment of the female reproductive system and the expression 
of secondary sex characteristics. The most biologically active 
oestrogens are oestradiol (E2), estrone (E1), and estriol (E3) 

[2,3]. 
The corpus luteum of the ovary is also responsible for the syn-
thesis of progestogens, whose role, via their active form pro-
gesterone, is to regulate the female menstrual cycle and preg-
nancy.

To exert their biological effects, female sex hormones must 
bind to specific nuclear receptors, such as oestrogen receptors 
ER-α and ER-β, and progesterone receptors PR-A and PR-B [4]. 
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ABSTRACT
Background: Sex hormones regulate musculoskeletal tissue properties, influencing bone and muscle health, and injury risk 
and recovery in female athletes. Hormonal fluctuations during the menstrual cycle, pregnancy, and menopause affect tissue 
homeostasis and injury susceptibility.
Purpose: This narrative review synthesizes current evidence on the effects of oestrogens, androgens and progestogens 
on musculoskeletal health, injury risk, and prevention strategies in female athletes. It also examines the impact of hormonal 
modulation, including oral contraceptive use.
Methods: A literature search was conducted across peer-reviewed databases, focusing on studies from the past two dec-
ades. Both preclinical and clinical studies were included, addressing the physiological effects of sex hormones on bone 
and muscle, injury mechanisms, focusing in particular on anterior cruciate ligament (ACL) and Achilles tendon injuries, and 
preventive strategies.
Results: Oestrogens are crucial for bone density and turnover; their deficiency increases fracture risk. Androgens promote 
cortical bone formation, while progesterone supports the action of oestrogens. In skeletal muscle, oestrogens improve con-
tractility, reduce inflammation, and aid repair; while progestogens—via their active form, progesterone— enhance protein 
synthesis and endurance. Low oestrogen states are linked to higher injury risk. Oral contraceptives, by stabilizing hormone 
levels, may reduce ACL injury risk but have been associated with increased Achilles tendinopathy. Exercise-based, multi-
component prevention programmes tailored to female physiology significantly reduce injury incidence in women.
Conclusions: Sex hormones are central to musculoskeletal health and injury risk in female athletes. Preventive and training 
strategies should take hormonal status into account to optimize performance and reduce injuries. Further research is need-
ed to better understand the effects of hormonal modulation and to refine preventive approaches.
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Sex hormones and sport

These receptors are expressed in a wide range of tissues, from 
the endometrium, breast, and ovaries to the vascular smooth 
muscle, heart, brain, and—relevant to this review—musculo-
skeletal tissues [5]. 

Sex hormones and bone

Sex hormones regulate skeletal maturation and homeosta-
sis in both sexes [6]. Oestrogens, progesterone, and androgens 
play pivotal roles in bone development, sustaining bone health 
and directly participating in the aging process of bone by mod-
ulating bone density, structure, and fracture risk [7]. 

They exert these functions upon binding to their own re-
ceptors, which are expressed in osteoblasts, osteoclasts, osteo-
cytes, and growth plate chondrocytes [8]. Hormone binding acti-
vates a cascade of intracellular signalling pathways responsible 
for the regulation of genes critical for bone resorption, such 
as RANKL and osteoprotegerin, as well as genes controlling 
osteoblast differentiation and bone formation, through the Wn-
t/β-catenin signalling pathway for example [9]. 

During puberty, sex steroids stimulate bone lengthen-
ing mainly through ERα activation in both sexes, in part by 
boosting the growth hormone–IGF-1 axis (Figure 1) [10]. ERα 
is also involved in growth plate closure. Beyond growth, sex 
steroids are critical for maintaining bone strength, as shown by 
the skeletal changes observed in individuals and animal models 
with sex hormone deficiencies [11]. Deficiency of sex steroids, 
by shifting the balance between bone resorption and formation 
towards overall increased bone mass loss, leads to high bone 
turnover in both men and women [6]. 

Interestingly, research has shown that oestrogens and an-

drogens reduce the number of bone remodelling cycles by lim-
iting the differentiation of bone precursor cells into osteoclasts 
and osteoblasts. Furthermore, sex steroids have pro-apoptotic 
effects on osteoclasts but anti-apoptotic effects on osteoblasts 
and osteocytes [11]. The loss of these protective effects on ma-
ture osteoblasts and osteocytes, combined with increased oste-
oclast survival, likely shifts the balance towards bone resorp-
tion, resulting in progressive bone weakening [12]. 

Oestrogens

Oestrogens play a complex and sometimes contradictory 
role in inflammation, acting as both anti-inflammatory and 
pro-inflammatory agents depending on various factors. Over-
all, they act as anti-inflammatory agents, especially in bone and 
vascular tissues, reducing cytokine-mediated inflammation and 
protecting tissue integrity. However, in autoimmune diseases, 
oestrogens may enhance inflammatory responses, contributing 
to disease pathology. This paradoxical action depends on mul-
tiple biological and contextual factors, meaning that oestrogens 
perform a finely tuned immunomodulatory function [13]. 

Natural oestrogens, particularly E2, exert potent anti-inflam-
matory effects  through multiple mechanisms. They modulate 
immune responses by suppressing proinflammatory cytokines 
such as tumour necrosis factor-alpha (TNF-α), interleukin-1 
beta (IL-1β), and interleukin-6 (IL-6), and by promoting the 
production of anti-inflammatory cytokines like IL-4, IL-10, 
and transforming growth factor-beta (TGF-β) [14]. In bone, they 
reduce inflammation by downregulating proinflammatory path-
ways, such as NF-κB signalling, and suppressing cytokines, like 
IL-1, TNF-α, and IL-6, that promote osteoclastogenesis and 
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Figure 1 Molecular roles of testosterone and oestrogens in bone metabolism. AR, androgen receptor; ERα, oestrogen receptor α; IGF-1, insulin 
growth factor-1; TGF-β, transforming growth factor-β; IL, interleukin; RANKL, receptor activator of NF-κB ligand; NF-κB, nuclear factor-κB; TNFα, 
tumour necrotic factor-α.  (Reprinted from Shigehara K, Izumi K, Kadono Y, Mizokami A. Testosterone and bone health in men: a narrative review. J Clin 
Med. Feb 02 2021;10(3) doi:10.3390/jcm10030530).
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bone resorption (Figure 1)10. This effect is crucial for maintain-
ing bone homeostasis and preventing excessive bone loss, par-
ticularly in postmenopausal women in whom oestrogen replace-
ment can mitigate inflammation-driven bone degradation [15]. 

Conversely, oestrogens can act as  pro-inflammatory 
agents,  particularly in some chronic autoimmune diseases 
like systemic lupus erythematosus and multiple sclerosis. In 
these contexts, estrogens may enhance B cell activation, alter 
immune tolerance, and exacerbate autoimmune responses [13]. 
Namely, the synthetic oestrogen ethinyl estradiol (EE), com-
monly used in oral contraceptives (OCs), can have proinflam-
matory effects. While EE exhibits some anti-inflammatory 
properties, its chemical structure confers higher potency and 
resistance to metabolic degradation, leading to amplified oest-
rogenic activity that can stimulate inflammatory pathways. EE 
has been shown to increase the expression of proinflammatory 
cytokines and immune activation markers in certain contexts, 
potentially exacerbating inflammatory reactions [16]. The bal-
ance between anti- and proinflammatory effects of EE is com-
plex and depends on dosage, duration of exposure, and individ-
ual susceptibility [17]. 

During puberty, oestrogens are crucial for stimulating 
longitudinal bone growth and for the closure of the epiphy-
seal growth plates, allowing females to reach peak bone mass 
earlier than males, by the end of puberty. Oestrogens further 
promote endosteal bone apposition, which increases bone den-
sity but does not significantly contribute to bone width; this 
explains why, in early adulthood, women typically have bones 
of smaller diameter to those of men, but with comparable volu-
metric mineral density [6]. 

Oestrogens play a key role in bone homeostasis by balanc-
ing bone formation and resorption. Primarily, they suppress 
osteoclast activity, slowing bone breakdown by inhibiting os-
teoclast differentiation and promoting osteoclast apoptosis [18]. 
This anti-resorptive role is mediated through the regulation 
of genes encoding pro-osteoclastogenic cytokines, such as 
RANKL (receptor activator of NF-κB ligand) and IL-6. Stud-
ies in IL-6-deficient mice have shown that bone loss does not 
occur following ovariectomy, suggesting that IL-6 is involved 
in mediating the effects of oestrogen on bone [19,20]. 

Oestrogens support bone formation by enhancing the oste-
ogenic differentiation of mesenchymal stem cells towards the 
osteoblastic lineage, thus increasing their activity and enhanc-
ing collagenic and non-collagenic protein synthesis [21]. They 
also modulate the Wnt/β-catenin signalling pathway, vital for 
osteoblast maturation, and reduce sclerostin, a Wnt inhibitor, 
promoting bone mass accumulation [22]. Furthermore, oestro-
gens indirectly protect bone by increasing calcium absorption 
and counteracting the bone-resorbing effects of parathyroid 
hormone (PTH) [20]. 

During oestrogen deficiency, such as after menopause, 
RANKL is overexpressed in bone lining cells and osteocytes, 
leading to unchecked osteoclast activity, increased bone turno-
ver, trabecular perforation, and osteoporosis (Figure 2) [23]. The 
positive relationship between oestrogens and bone mass is well 
established. A woman’s total bone mass is closely associated 
with her oestrogen levels at every stage of life. Between the 
ages of 25 and 50, there is a gradual decline in bone mass due 

to aging; however, after menopause, this bone loss accelerates, 
resulting in a decrease of approximately 10% of total bone 
mass within five years [24]. Women’s dependence on oestro-
gens for trabecular bone integrity, combined with the dramatic 
postmenopausal decrease in oestrogens, explains the higher 
risk of osteoporosis in women compared with men. Over time, 
men continue to benefit from the dual effects of testosterone: 
promoting bone formation and maintaining oestrogen levels 
through peripheral aromatization [22]. The overall risk of fragil-
ity fractures throughout life is much higher in women (about 
40%) than in men (about 15%), highlighting the protective role 
of androgens and the greater vulnerability of women to osteo-
porosis and related fractures [6]. 

Androgens

Androgens play a key role in stimulating periosteal bone 
formation, which is responsible for increased bone size and 
cortical thickness. Furthermore, androgens help maintain bone 
mass and homeostasis by promoting bone formation and limit-
ing resorption during not only puberty but also adulthood. The 
direct effects of androgens, as well as their conversion to oes-
trogens, are important for optimal bone growth and long-term 
skeletal health in both men and women [25]. 

There is evidence that testosterone influences bone health 
both directly, through androgen receptor activation, and indi-
rectly via conversion to estradiol, which exerts estrogenic ac-
tions essential for regulating bone turnover [26]. 

In bone, testosterone is metabolized primarily into two ac-
tive hormones: dihydrotestosterone (DHT) and estradiol. DHT 
is produced by 5α-reductase enzymes in osteoblasts and direct-
ly stimulates bone formation through androgen receptor sig-
nalling, promoting osteoblast activity and inhibiting osteoblast 
apoptosis. Estradiol, formed via the aromatase enzyme from 
testosterone, plays a critical role in maintaining bone mineral 
density (BMD) by inhibiting bone resorption through suppres-
sion of osteoclast activity [27].  

Serum testosterone levels have been positively associat-
ed with lumbar BMD up to a certain threshold (~30 ng/dL) in 
postmenopausal women, suggesting that maintaining adequate 
testosterone levels may have beneficial effects on bone health. 
However, high testosterone levels in women can also be linked 
to adverse conditions such as polycystic ovary syndrome and 
increased cancer risk [28]. 

Despite women having lower circulating levels of andro-
gens, these hormones still contribute to bone health, especially 
after menopause when oestrogen levels drop (Figure 2) [23,29]. 

Progesterone

The role of progesterone in bone metabolism is less pro-
nounced and less well understood than those of oestrogens and 
androgens. However, some research suggests that progesterone 
may work in synergy with oestrogens to promote bone forma-
tion and limit bone resorption, especially during the menstrual 
cycle and pregnancy [30]. 

Longo U.G. et al.
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Progesterone is thought not only to directly stimulate oste-
oblasts, increasing bone formation markers like alkaline phos-
phatase by up to 70%, but also to improve BMD by 1.7% an-
nually, when working synergistically with oestrogen. Women 
with irregular ovulation have been shown to lose ~1% vertebral 
BMD annually, highlighting the role of progesterone in main-
taining bone mass during the reproductive years [31]. However, 
the direct effects of progesterone on bone mass and structure 
are still not entirely clear, and more studies are needed to fully 
clarify its role in bone health.

Oral contraceptives and bone

The effects of OCs on bone turnover and density are 
complex and sometimes contradictory. During adolescence, 

OCs—particularly combined hormonal formulations contain-
ing low-dose EE (15-35 mcg)—are associated with  reduced 
bone mineral accumulation, which varies according to oes-
trogen dose, duration of administration, and use regimen [32]. 
During the critical years following menarche, users of OCs 
show smaller gains in BMD, potentially compromising peak 
bone mass development. Although no evidence of bone loss is 
reported, spinal and femoral neck BMD gains are significantly 
lower [33]. 

In adult premenopausal women, OCs have a neutral-to-pos-
itive effect on bone density. Studies in women aged 18–39 show 
no significant negative impact on BMD, with some showing 
modest increases or maintenance of bone strength during OC 
use [34]. These findings suggest that in adults with mature skel-
etons, OCs do not impair bone density and may help maintain 
it, especially in women with menstrual irregularities, in whom 

Sex hormones and sport

Figure 2 A summary of androgen and oestrogen deficiencies in postmenopausal women and the elderly from a cellular and molecular point of view. 
DHT: dihydrotestosterone; BMD: bone mineral density; RANKL: receptor activator of nuclear factor kappa-B ligand; AR: androgen receptor; M.S.C: 
mesenchymal stem cell; OBL: osteoblast; OCL: osteoclast; OPG: osteoprotegerin. (Reprinted from Hsu SH, Chen LR, Chen KH. Primary osteoporosis 
induced by androgen and estrogen deficiency: the molecular and cellular perspective on pathophysiological mechanisms and treatments. Int J Mol 
Sci. Nov 12 2024;25(22) doi:10.3390/ijms252212139)
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OCs can normalize hormone levels [35]. 
Perimenopausal women tend to exhibit a positive or neutral 

effect of OCs on bone density. Evidence includes randomized 
controlled trials and cohort studies showing that long-term OC 
use (more than 10 years) during perimenopause can stabilize or 
increase BMD in the lumbar spine, radius, and femoral neck, 
compared with non-use, which tends to be associated with loss 
of bone mass. However, some investigations report no signifi-
cant changes, indicating variability depending on the OC for-
mulation, duration of administration, and individual hormonal 
milieu [36]. 

A study by Prior (Climacteric, 2018) highlights the impor-
tance of precise optimisation of progestin dosage, recommend-
ing a tailored approach that considers individual variability 
in hormone metabolism, receptor responsiveness, and overall 
health. For younger women using progestin-only contracep-
tives, higher and continuous doses are often required to sup-
press ovulation and reliably achieve effective contraception. 
Conversely, in postmenopausal hormone replacement therapy 
(HRT), lower progestogen doses are combined with oestro-
gens mainly to protect the endometrium and relieve symptoms, 
while aiming to minimise side effects [37]. The progestogen dose 
in HRT is carefully tailored to the estrogen dose, balancing 
safety and efficacy [38]. This reflects distinct therapeutic goals 
of the two applications: contraception requires strong hormonal 
suppression, while HRT focuses on restoring hormonal balance 
with few adverse effects. Personalised progestin dosing is es-
sential to optimise benefits and minimise risk across age groups 
and clinical indications. 

Sex hormones and muscle

A growing body of evidence highlights the significant role 
that sex hormones play throughout life in maintaining muscle 
homeostasis, mass, strength, and contractile function, as well 
as metabolic health [39]. 

Oestrogen and progestogen receptors are present in human 
skeletal muscle. While androgens and progestogens each act 
through a single receptor (the androgen receptor [AR] and 
the progesterone receptor [PR]), multiple oestrogen receptors 
are expressed within the cytoplasm (ERα and ERβ) and sar-
colemma, including the G protein-coupled oestrogen receptor 
(GPER), oestrogen receptor-X (ER-X), and the Gq-coupled 
membrane oestrogen receptor (Gq-mER). This difference may 
be due to evolutionary adaptations [2,40]. 

While serum concentrations of free testosterone and pro-
gesterone influence muscle mass, oestrogens appear to be pri-
marily related to muscular contractile function [2]. 

Ovarian sex hormones: oestrogens 
and progesterone

Ovarian sex hormones boost skeletal muscle strength by 
encouraging the incorporation of strong-binding myosin in 
muscle fibers [2]. 

Their role also extends to supporting skeletal muscle re-

generation, likely by maintaining the satellite cell pool [2]. This 
effect is likely achieved through the oestrogen-mediated regu-
lation of myoblast proliferation, and through the differentiation 
of these cells, in turn modulated by progesterone through its 
impact on MYOD1 expression [41]. 

While progesterone sustains muscle mass by promoting 
muscle protein synthesis, E2 seems to be more involved in en-
hancing muscle contractility and force production [42]. 

Oestrogens

Oestrogens exert both protective and anabolic effects on 
skeletal muscle. They enhance muscle strength and quality by 
improving muscle fibre integrity, increasing contractility, and 
modulating calcium levels in muscle cells to enhance contrac-
tion [43]. Oestrogens also reduce muscle damage and inflamma-
tion by exerting an antioxidant effect, lowering exercise-in-
duced oxidative stress, and suppressing inflammatory cytokine 
activity. Additionally, they support muscle repair and recovery 
by promoting satellite cell activation, crucial for muscle regen-
eration, and improving blood flow to muscle tissue [44,45]. 

During exercise, oestrogens promote metabolic efficacy 
by enhancing mitochondrial bioenergetics, boosting ATP pro-
duction while increasing glucose uptake in skeletal muscle via 
both insulin-dependent and -independent pathways [46]. 

Oestrogen deficiency accelerates age-related muscle loss, 
increases intramuscular fat deposition, and impairs mitochon-
drial bioenergetics, leading to reduced oxidative metabolism 
and energy production [2]. As Phillips et al. demonstrated, wom-
en post menopause experience earlier and greater losses of mus-
cle strength than men of similar age, but oestrogen-based hor-
mone therapy can help preserve muscle strength [47]. Evidence 
from both human and animal studies indicates that oestrogens 
primarily improve the intrinsic quality of muscle, enhancing its 
ability to generate force, rather than simply increasing muscle 
mass as androgens do.46 After menopause, declining oestro-
gen levels contribute to loss of muscle mass (sarcopenia) and 
strength, increasing fall and fracture risk [48]. 

Progesterone 

Progesterone contributes to muscle homeostasis largely by 
acting synergistically with oestrogens and androgens. While 
it does not directly increase muscle mass, progesterone con-
tributes to muscle protein synthesis and modulates metabolic 
processes, including energy utilisation and endurance capac-
ity [42]. In fact, progesterone modulates the metabolic effects 
of oestrogens: when combined with oestrogens, progesterone 
reverses glycogen sparing in muscle, restoring carbohydrate 
oxidation to baseline levels during exercise [49]. This highlights 
that progesterone’s role in muscle metabolism is context-de-
pendent, balancing oestrogen-driven energy regulation rather 
than independently promoting muscle anabolism [42]. 

By acting on the nervous system, progesterone indirect-
ly affects muscle tone, potentially influencing neuromuscular 
coordination. While not directly increasing muscle mass or 

Longo U.G. et al.
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strength on its own, it works synergistically with testosterone 
to stimulate muscle protein synthesis in women after meno-
pause [42]. 

Androgens

Androgens, particularly testosterone, are powerful regula-
tors of muscle hypertrophy and strength. They promote muscle 
protein synthesis by activating AR signalling, which in turn 
stimulates pathways such as IGF-1 and the mTOR/Akt cas-
cade, while also inhibiting myostatin, a key negative regulator 
of muscle growth [50]. Testosterone further enhances mitochon-
drial function and oxidative capacity, supporting efficient mus-
cle energy metabolism [51]. 

Testosterone levels are much lower in women than in men, 
typically ranging from 0.4 to 2.0 nmol/L compared with 8.8–
30.9 nmol/L [52]. Although total testosterone is not consistently 
linked to muscle strength in women, its bioavailable (free) 
fraction correlates positively with lean body mass both before 
and after menopause, indicating an anabolic effect that helps 
maintain muscle size [2]. 

Androgens also improve muscle quality by increasing fibre 
size and contractile force, particularly in type II (fast-twitch) 
fibres [51]. In young women, even modest increases in testoster-
one can lead to type II fibre hypertrophy and increased capil-
larisation, which may enhance muscle performance and endur-
ance [53]. However, muscle strength is not solely determined by 
physiological testosterone levels; rather, it is influenced by a 
combination of sex hormones and other factors [2]. 

In summary, while oestrogens support muscle repair and 
metabolic flexibility, and progesterone modulates energy sub-
strate utilisation, androgens directly drive muscle mass and 
strength gains. The interplay of these hormones underscores the 
complexity of hormonal regulation in skeletal muscle health.

Female sex hormones and tendons 

Tendons, as vital structures connecting muscle to bone, 
play a central role in force transmission and coordinated move-
ment. Recent research has highlighted the influence of female 
sex hormones—particularly oestrogens—on tendon structure 
and function [54]. 

Significant sex differences have been identified in tendon 
composition and mechanical characteristics, and genetic fac-
tors such as COL5A1 polymorphisms have been investigated. 
While demonstrating no association with rotator cuff tears, re-
search on the COL5A1 gene highlights the multifactorial nature 
of tendon vulnerability and suggests that regulatory factors, 
such as sex hormones, may play a more prominent role in mod-
ulating tendon properties [55]. 

In general, women tend to have lower tendon dry mass rel-
ative to wet weight and reduced collagen content, which results 
in decreased stiffness. These variations are largely influenced 
by hormonal activity, most notably the effects of oestrogens. 
Oestrogens appear to inhibit the synthesis of key structural 
proteins, like collagen, and suppress the activity of lysyl ox-

idase, an enzyme critical for forming strong collagen cross-
links. Conversely, androgens, such as DHT, may exert anabolic 
effects on tendon cells, as DHT has been shown to stimulate 
proliferation and collagen expression in cultured human ten-
ocytes, highlighting the divergent effects of sex hormones on 
tendon metabolism [56]. As a result, tendons in women may be 
more compliant and prone to elongation or deformation when 
subjected to stress [57]. 

Examination of collagen synthesis in tendons shows that 
women consistently exhibit lower rates than men, both at rest 
and after exercise. Oestrogens seem to attenuate the tendon’s 
anabolic response to mechanical loading, thereby limiting its 
capacity to remodel and strengthen following physical training. 
This phenomenon is especially important in female athletes 
and active individuals, in whom effective tendon adaptation is 
essential for injury prevention and performance.

In women using OCs, the hormonal milieu also influenc-
es tendon metabolism. OCs often lower circulating levels of 
insulin-like growth factor I, a powerful promoter of collagen 
synthesis, and their use may therefore further reduce tendon 
collagen synthesis [58]. 

In post-menopause, HRT appears to have a distinct impact. 
Supplementation under low baseline hormonal conditions can 
enhance collagen production in tendons. However, this increase 
in metabolic activity does not necessarily result in improved 
mechanical properties. In fact, some studies suggest that ten-
don stiffness may decline despite higher collagen synthesis, 
potentially due to disrupted collagen cross-linking.

Oestrogen levels are known to decline dramatically af-
ter menopause, which seems to equalize the risk of Achilles 
tendon rupture between the sexes. Similarly, the use of OCs, 
which maintain moderate oestrogen levels, has been linked to 
an increased risk of Achilles tendinopathy [59]. This raises the 
possibility that physiological cyclical oestrogen surges may 
play a protective role in tendon health—a role which steady-
state levels do not seem to replicate.

Taken together, these findings underscore the complex and 
context-dependent role of oestrogen in tendon physiology. 
While high oestrogen levels in younger women may reduce 
tendon resilience and adaptability, moderate supplementation 
in postmenopausal women may offer metabolic benefits, albeit 
without restoring biomechanical strength.

 
Female sex hormones and ligaments 

Ligaments, which connect bone to bone and are essential 
for joint stability, are also influenced by fluctuations in female 
sex hormones—particularly oestrogens and progesterone. A 
growing body of evidence suggests that oestrogens have a pre-
dominantly negative effect on the mechanical properties of lig-
aments. Specifically, they can reduce both the strength and the 
stiffness of ligament tissue by interfering with collagen turno-
ver and impairing the cross-linking mechanisms necessary for 
the formation of durable, load-bearing connective tissue. Ani-
mal studies have further substantiated this effect, showing that 
high oestrogen levels can diminish the load-bearing capacity of 
key ligaments, such as the anterior cruciate ligament (ACL) [59]. 

Sex hormones and sport
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Hormonal fluctuations throughout the menstrual cycle can 
further modulate ligament behaviour. During the late follicular 
phase, when oestrogen levels peak and progesterone remains 
low, women commonly exhibit increased joint laxity, particu-
larly of the knee. This transient laxity is believed to stem from 
the impact of oestrogens on the ligament’s extracellular matrix 
and collagen organisation. The resulting changes in joint sta-
bility may help explain the observed rise in ACL injury rates 
during this phase of the cycle [60]. 

The role of progesterone is less well defined but may have 
a moderating influence on the effects of oestrogen. The com-
bined hormonal shifts that occur across the menstrual cycle 
result in dynamic variations in ligament stiffness and neuro-
muscular control, which may increase injury susceptibility at 
specific times of the cycle [61]. 

Oral contraceptives may help buffer these fluctuations by 
maintaining more consistent hormone levels. Some studies 
suggest that OCs reduce joint laxity and may lower injury risk 
by stabilising ligament properties. However, the literature re-
mains inconclusive, with some research reporting negligible 
effects [62]. 

In summary, oestrogens tend to reduce ligament stiffness 
and mechanical strength by disrupting collagen homeostasis. 
These effects, particularly pronounced during phases of the 
menstrual cycle characterised by elevated oestrogen levels, 
contribute to the higher incidence of ligamentous injuries—es-
pecially ACL ruptures—observed in female athletes.

Female sex hormones and cartilage 

Sex hormones maintain cartilage health, and alterations 
in their levels may thus influence the development of degen-
erative joint conditions. Chondrocytes—the principal cells 
within articular cartilage—express receptors for several sex 
hormones, including oestrogens (ERs) and androgens (ARs), 
enabling them to directly respond to hormonal cues [63]. 

Among these hormones, oestrogens—particularly E2—have 
been shown to exert a protective effect on cartilage tissue. They 
promote the synthesis of extracellular matrix components such 
as collagen and proteoglycans, while simultaneously inhibiting 
matrix-degrading enzymes, including matrix metalloprotein-
ases. In this way, oestrogens help preserve the structural and 
functional integrity of articular cartilage. Additionally, they can 
downregulate inflammatory mediators within the joint, thereby 
reducing the catabolic effects of cytokines that drive cartilage 
degradation in inflammatory or osteoarthritic environments [64]. 

Androgens also influence cartilage, primarily through their 
interaction with ARs on chondrocytes. These interactions may 
enhance cell proliferation and matrix production, although the 
effects can vary depending on the hormonal milieu and local 
tissue context. Notably, the presence of both ARs and ERs in 
chondrocytes suggests a nuanced interplay between these hor-
mones in regulating cartilage homeostasis [65,66]. 

Aromatase, expressed in chondrocytes, locally converts 
androgens into oestrogens within cartilage, serving as an im-
portant regulatory factor. This suggests that chondrocytes may 
exert autocrine or paracrine control over their hormonal envi-

ronment. Inhibition of aromatase can disrupt this mechanism, 
leading to decreased local oestrogen levels and potentially 
compromising cartilage integrity [67]. 

Beyond direct receptor-mediated effects, sex hormones 
influence gene expression patterns within chondrocytes, up-
regulating anabolic genes involved in matrix synthesis while 
suppressing catabolic genes responsible for degradation. This 
hormonal regulation is particularly important during periods of 
endocrine transition, such as menopause, when declining oes-
trogen levels may accelerate cartilage breakdown and contrib-
ute to the development of osteoarthritis [68]. 

In conclusion, sex hormones—particularly oestrogens—
are key regulators of cartilage metabolism. By modulating 
chondrocyte function, matrix turnover, and inflammatory sig-
nalling, they play a central role in maintaining cartilage health 
and may offer therapeutic targets in the management of degen-
erative joint diseases. 

Hormonal fluctuations and injury risk 
in female athletes

The menstrual cycle has a profound influence on muscu-
loskeletal function in female athletes, largely due to cyclical 
fluctuations in sex steroid hormones—primarily oestrogens 
and progesterone, with relaxin also playing a potential contrib-
utory role [69]. 

The cycle is typically divided into three phases: the follicu-
lar phase, ovulation, and the luteal phase. Oestrogen levels rise 
progressively during the follicular phase and peak at ovulation, 
while progesterone levels are lowest in the follicular phase 
and increase significantly during the luteal phase [70]. These 
hormonal variations directly affect the mechanical properties 
of connective tissues, neuromuscular coordination, and injury 
susceptibility. 

Elevated oestrogen levels, particularly during the peri-ovu-
latory period, have been associated with increased ligamentous 
laxity. This effect is thought to occur through oestrogen-medi-
ated suppression of the activity of lysyl oxidase [57]. As a result, 
soft tissues may become more compliant and less able to resist 
tensile forces, increasing the likelihood of sprains and ruptures.

Oestrogens also appear to influence neuromuscular control. 
For instance, they may modulate muscle activation patterns 
and joint stabilisation strategies, potentially impairing coordi-
nation at critical moments. Some notable studies demonstrated 
that ACL injury rates in female athletes are significantly higher 
during the ovulatory phase, a period marked by peak oestradiol 
levels and increased knee joint laxity [71]. 

Relaxin, although primarily associated with pregnancy, is 
also present during the luteal phase, and may synergistically 
contribute to ligamentous relaxation. Human studies on the 
role of relaxin in athletic injury risk have shown mixed results, 
but the hormone’s capacity to reduce tissue stiffness remains a 
plausible contributor to injury vulnerability [72,73]. 

Beyond ligaments, neuromuscular changes linked to hor-
monal fluctuations may also increase the risk of non-ligamen-
tous injuries. Increased postural sway and decreased proprio-
ception have been reported during the ovulatory phase, which 
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may predispose athletes to ankle sprains, muscle strains, and 
falls. Moreover, hormone-driven changes in tendon stiffness 
and force transmission may contribute to overuse injuries such 
as patellofemoral pain syndrome [74]. 

Taken together, the hormonal shifts that occur throughout 
the menstrual cycle represent a significant, yet often over-
looked, injury risk factor for female athletes. Addressing these 
physiological changes is essential for optimising training and 
injury prevention strategies in women’s sports.

ACL injury risk in female athletes 

Anterior cruciate ligament injuries are among the most se-
vere and debilitating injuries in sport, and occur disproportion-
ately in female athletes. The ACL is a key stabiliser of the knee, 
particularly for rotational and anterior-posterior motion. Most 
ACL injuries in sport result from non-contact mechanisms, 
such as sudden deceleration, pivoting, or landing awkwardly 
from a jump—movements that are common in sports like foot-
ball (soccer), basketball, and handball [75,76]. 

Female athletes face a substantially greater risk of ACL 
rupture compared with their male counterparts, due to a combi-
nation of biomechanical, anatomical, neuromuscular, and hor-
monal factors [76]. Importantly, ACL injuries often carry long-
term consequences: high re-injury rates, persistent functional 
limitations, and an increased risk of early-onset osteoarthritis 
[77]. 

Many of these injuries occur during actions that lead to 
poor trunk stability, excessive knee valgus, and limited hip con-
trol—issues often linked to neuromuscular imbalances that de-
velop during adolescence [78]. After ACL reconstruction, wom-
en tend to return to sport more slowly than men and often report 
lower confidence and satisfaction with their knee function [79]. 
Unfortunately, if these injuries occur during critical periods of 
athletic development, such as adolescence or early adulthood, 
they may derail an athlete’s career and carry significant psy-
chosocial implications.

Given the complexity and long-term impact of ACL inju-
ries, especially in women, it is essential to consider them as 
a distinct clinical challenge requiring sex-specific risk assess-
ment, preventive approaches, and rehabilitation strategies.

Epidemiology of ACL injury risk in female athletes
Epidemiological data consistently show the greater risk of ACL 
injury in females versus males, particularly during adolescence. 
Girls aged 15 to 19 represent the highest risk group, with stud-
ies reporting that females have a 2 to 8 times greater chance of 
sustaining an ACL tear in high-demand sports such as soccer, 
basketball, and skiing [80]. In some settings, the female-to-male 
injury ratio is as high as 9:1, particularly at amateur and rec-
reational levels, where access to proper injury prevention pro-
grammes is often limited [81]. 

Longitudinal research in elite female athletes, such as Nor-
wegian football players, has shown that ACL injuries are not 
only the most common serious knee injuries but also the ones 
associated with the longest recovery times—typically requiring 
6 to 12 months of rehabilitation [81]. 

Moreover, recurrence rates are notably high. Approximate-
ly 30–40% of elite female footballers experience a second ACL 
rupture—affecting either the same or the contralateral knee—
compared with 20% in male athletes [82]. Factors contributing 
to these recurrence rates include inadequate rehabilitation, pre-
mature return to sport, and persistent modifiable risk factors.

Additional epidemiological concerns have been raised over 
athletes with irregular menstrual cycles, poor nutritional in-
take, or conditions like Relative Energy Deficiency in Sport 
(RED-S), who appear to be at even higher risk. These condi-
tions disrupt normal hormonal function and contribute to im-
paired tissue repair, increased fatigue, and delayed recovery [83]. 

Contributing factors to ACL injury risk 
in female athletes
The increased risk of ACL injuries in female athletes arises 
from a multifaceted interplay of intrinsic and extrinsic factors. 
On a biomechanical level, women tend to exhibit increased dy-
namic knee valgus, greater quadriceps dominance, and reduced 
hamstring recruitment during high-impact movements. These 
patterns result in elevated anterior tibial shear forces, which 
increase strain on the ACL [78]. 

Neuromuscular imbalances, particularly if not addressed 
through structured training during adolescence, further com-
pound this vulnerability. Females often demonstrate delayed or 
altered muscle activation patterns that compromise knee joint 
stability during dynamic activities [84]. 

Anatomical differences also contribute to risk. Females 
generally have a narrower intercondylar notch, a smaller ACL 
cross-sectional area, and a greater Q-angle at the knee [85]. These 
structural characteristics may reduce the mechanical threshold 
needed for ligament rupture to occur [86]. 

Hormonal influences are equally important. Elevated oes-
trogen levels, especially during certain menstrual phases, can 
increase ligament laxity and reduce neuromuscular efficiency. 
While the roles of progesterone and relaxin are less well de-
fined, both hormones may contribute to increased soft tissue 
compliance, particularly in the luteal phase [87,88]. 

Extrinsic factors further influence injury risk. Poor-qual-
ity playing surfaces, lack of access to sex-specific coaching, 
and nutritional imbalances—particularly linked to low ener-
gy availability—exacerbate vulnerability. RED-S, a condition 
characterised by inadequate caloric intake relative to energy 
expenditure, has been linked to impaired bone health, disrupted 
menstrual cycles, and greater injury risk [89]. 

Given this complex landscape, ACL injury prevention in 
female athletes must be approached from a comprehensive, 
sex-specific perspective that integrates biomechanical training, 
hormonal education, nutritional support, and individualised re-
habilitation.

Injury prevention in female athletes

Given their heightened vulnerability to injuries such as 
ACL tears, injury prevention is a key priority for female ath-
letes.

Multicomponent exercise-based programmes are the most 
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effective strategies, as they address both intrinsic and extrinsic 
risk factors. Neuromuscular training  programmes, including 
FIFA 11+ and PEP, are key examples of such strategies. Ac-
cording to evidence in systematic reviews and meta-analyses, 
these programmes, when applied to female football players, 
reduce overall injury rates by 27% and ACL injury rates by up 
to 45% [90,91]. Some studies indicate that when they are well im-
plemented, the risk of ACL injury can be reduced by as much 
as 90% [76]. 

Key components of successful injury prevention pro-
grammes include plyometric exercises, strength training for the 
lower body and core, and exercises for balance, propriocep-
tion, agility, and neuromuscular control. Training programmes 
should be adjusted to suit the physiological and biological fea-
tures of each female athlete, particularly taking into account 
menstrual cycle phases and hormonal profiles, which influence 
ligament laxity and neuromuscular control [91]. For example, 
the FIFA 11+ program, which combines warm-up, strength, 
plyometric, and balance exercises, has been shown to reduce 
overall injury rates by 34%, lower limb injuries by 29%, and 
head/neck injuries by 40% [91]. 

Lack of adequate medical support, player motivation, and 
coach engagement may undermine the effectiveness of these 
programmes. Over 80% of elite female athletes report under-
taking injury prevention exercises at their clubs, with two-thirds 
using the FIFA 11+ programme [92]. However, inconsistent im-
plementation and lack of follow-up can reduce the impact of 
these interventions [91]. 

In young women, hormonal cycling should be managed in 
accordance with the specific training demands. Monitoring hor-
monal cycles and modulating them through the use of OCs has 
emerged as a promising strategy to reduce injury risk in female 
athletes [62]. Recent data indicate that OCs may exert a protec-
tive effect against ACL tears, with the most pronounced benefit 
reported in younger athletes: among females aged 15–19, ad-
ministration of OCs resulted in a 63% reduction in the rate of 
ACL tears (odds ratio 0.37, 95% CI 0.27–0.50) [62]. Across all 
ages, OC users experienced a modest but significant reduction 
in ACL reconstruction rates (0.56% vs 0.69% in non-users, p 
< 0.001) [62]. 

Hormonal modulation with OCs stabilizes the menstru-
al cycle, dampening the natural fluctuations in oestrogen and 
progesterone levels that contribute to increased ligament laxity 
and neuromuscular inefficiency at certain cycle phases. This 
stabilisation may mitigate the heightened risk of injury ob-
served during the late luteal and early follicular phases, when 
injury incidence rates are elevated. While the effects of OCs on 
bone density and on other soft tissue injuries remain less clear, 
and individual responses vary, current evidence suggests that 
OCs should be considered for injury prevention in high-risk 
populations, provided they are prescribed judiciously and tai-
lored to the athlete’s health profile [62,93,94]. 

In summary, the main strategies for injury prevention in fe-
male athletes are multicomponent, exercise-based programmes 
that target neuromuscular training, strength, and balance. These 
programmes, when consistently implemented, can reduce over-
all and ACL injury risk by 27–45% or more, with the greatest 
benefits observed in programmes designed specifically to meet 

the unique requirements of the female athlete [95]. 
Lastly, tracking hormonal cycles and modulating them 

through the use of OCs can substantially lower the risk of ACL 
injury in female athletes, especially adolescents, and should be 
considered as part of a comprehensive injury prevention strat-
egy.
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